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Hypoxia-mediated impaired differentiation by LLC-PK1 cells: Evidence
based on the protein kinase C profile. We recently reported that mild
hypoxia in LLC-PK1 cells, grown in standard fashion under a still layer
of overlying medium at 5% C0,/l8% 02 environment, result in de-
creased oxidative metabolism and impaired differentiated functions in
comparison to adequately oxygenated cultures maintained either under
a higher oxygen (36% 02) environment or conditions of continuous
rocking of the media fluid. In the present study, subcellular distribution
of a regulatory enzyme protein kinase C (PKC) was examined between
hypoxic still and normoxic rocked LLC-PK1 cells. Subconfluent cul-
tures of hypoxic LLC-PK1 cells exhibited significantly lower and
predominantly membrane-bound PKC activity in comparison to mostly
cytosolic localization of this enzyme in normoxic rocked cells. One
hour of exposure of adequately oxygenated-rocked LLC-PK1 cells with
the phorbol ester TPA, a dedifferentiating agent that did not effect the
cell ATP content, resulted in significant inhibition of dome formation
and sodium-dependent glucose transport activity, a partial loss of
pH-responsive ammoniagenesis, and almost complete translocation of
protein kinase C activity from cytosol to the membrane pool; all of
which resembles the behavior of hypoxic still cultured cells. In addi-
tion, acute re-oxygenation of hypoxic still cultures by rocking the media
fluid for one hour resulted in an increase in cell ATP content to the
cellular levels of ATP observed in normoxic rocked cells. However, all
the parameters of differentiation were unaffected by re-oxygenation.
These studies support the notion that hypoxia can act in some primary
fashion, independent of its effects on energy metabolism, to impair
cellular differentiation in LLC-PK1 cells. They also raise the possibility
that activation of protein kinase C may act as an important mediator in
this process.
The relationship between cellular hypoxia and impairment of
metabolic behavior is widely recognized [1—3]. Recently, we
found that mild hypoxia also impairs several functions consid-
ered to be markers of differentiation in cultured LLC-PK1 cells
[41. When LLC-PK1 cells were grown in a standard fashion
under a still layer of overlying medium, which acts as a barrier
to oxygen diffusion, they exhibited increased lactate formation,
higher lactate dehydrogenase activity, and a decline in cell ATP
content in comparison with adequately oxygenated cultures
maintained under either a higher oxygen environment or con-
ditions of continuous rocking of the media fluid. Furthermore,
they manifested decreased dome formation, diminished sodi-
um-dependent glucose transport activity, and loss of pH-re-
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sponsive ammonia metabolism, suggesting that cell hypoxia
impedes the process of cellular differentiation. However, be-
cause these features which are considered markers of differen-
tiation might also be modified by an alteration in the energy
profile of these cells, a direct role for oxygenation in the
regulation of cell differentiation could not be concluded with
certainty.
In several cell types the intracellular levels of a calcium and
phospholipid-dependent protein kinase (protein kinase C; PKC)
and/or its subcellular distribution is altered in the process of cell
differentiation [5—8]. In general, the activity of PKC has been
reported to be associated predominantly with the plasma mem-
brane in proliferating or undifferentiated cells and cytosolic in
quiescent or differentiated cells. Furthermore, the tumor pro-
moting phorbol ester, TPA (12-O-tetradecanoylphorbol- 13-ace-
tate), which acts as a dedifferentiating agent in most cell types
[9—12] causes a shift of PKC activity from the cytosolic to the
membrane pool [13].
In the present study, we utilized the subcellular distribution
of PKC activity as a marker to determine whether hypoxia
alters differentiation in LLC-PK1 cells. To validate PKC as a
differentiation marker, we compared the effects of the dediffer-
entiating agent TPA on PKC and other differentiated properties
of normoxic cells with the properties exhibited by hypoxic, still
cultured LLC-PK1 cells. In addition we examined the effect of
acute oxygenation on the impaired metabolism and differenti-
ated functions of hypoxic cells to assess whether or not oxygen
can act in some primary fashion, independent of its effect on
energy profile, to alter cell differentiation. The results are
consistent with the view that oxygen exerts a primary effect on
cellular differentiation possibly mediated by the alterations in
PKC activity.
Methods
Materials
LLC-PK1 cells were obtained from American Type Culture
Collection at passage 200 and utilized between passages 210 to
240. ['4C]a-methylglucoside (specific activity 275 mCi/mmol)
was purchased from New England Nuclear (Boston, Massachu-
setts, USA). [y-32P]Adenosine 5' triphosphate (specific activity
4.5 mCi/mmol) was obtained from ICN Biomedicals, Inc.,
Cleveland, Ohio, USA. All other reagents were of high chem-
ical grade.
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Cell culture
LLC-PK1 cells were routinely cultured under either standard
still (hypoxic) or continuous rocked (normoxic) conditions as
described previously [41. Both still and rocked LLC-PK1 cul-
tures were maintained at 5% C02/95% air humidified incubator
in a 50:50 mixture of Dulbecco's modified Eagle's medium
(DMEM) and Ham's F-l2 medium supplemented with 2 mM
glutamine and 10% fetal bovine serum. Confluent cultures were
passed by trypsinization and the media were changed every
other day.
Experimental protocol
Two basic experimental protocols were employed. In one
group of studies normoxic cells exposed to TPA were compared
with normoxic and hypoxic controls, respectively. In the sec-
ond group of studies acutely re-oxygenated hypoxic cells
(achieved by rocking) were compared to control hypoxic cells
and their chronically normoxic counterparts. In both groups of
studies PKC activity, as well as dome formation, a-methyl
glucoside uptake, pH-dependent ammonia production, and cell
ATP content were assessed as described below.
Analysis of protein kinase C activity
The procedure for the isolation of subcellular fractions as
well as the assessment of PKC activity was adapted from
Thomas, Gopalkrishna and Anderson [14]. Subconfluent LLC-
PK1 cultures maintained under either hypoxic still or normoxic
rocked conditions were utilized for the determination of PKC
activity. Unless otherwise indicated, all steps were performed
at 4°C. Briefly, cultures were washed with cold phosphate-
buffered saline (PBS) free of calcium and magnesium and
scraped off the dishes using a rubber spatula followed by
centrifugation at 2,000 rpm in a IEC centrifuge. Cells were then
suspended and homogenized in a small volume of Buffer A [20
mM Tris-HCI, pH 7.5 containing 0.25 M sucrose, 2 m ethyl-
enediaminetetraacetic acid (EDTA), 0.5 m ethylene glycolbis
aminoethylether-tetraacetic acid (EGTA), 1 mrvt phenylmethyl-
sulfonyl fluoride (PMSF), 10 g/ml leupeptin and 1 mM dithio-
threitol] using a tight fitting Dounce homogenizer. A portion of
the whole cell homogenate was saved for protein determination
and the remainder was centrifuged at 100,000 X g for one hour
to separate the cytosol from the membrane fraction. The
supernatant (cytosol) was removed and kept at —80°C until
analyzed for protein kinase C activity. The pellet which mostly
contained membranes was suspended in a similar volume of
Buffer B (20 mri Tris-HC1, pH 7.5 containing 2 mrvi EDTA, 0.5
mM EGTA and 1 mri PMSF) and homogenized in a Dounce
homogenizer. The detergent Non idet P-40 (NP-40) was added to
each sample to a final concentration of 1% and samples were
incubated for 30 minutes at 4°C. The detergent solubilized
membrane fractions were centrifuged at 100,000 x g for 30
minutes and the supernatant was kept at —80°C for the analysis
of membrane bound PKC activity.
Membrane fractions were applied to DEAE-cellulose col-
umns previously equilibrated with 20 mr'i Tris-HCI, pH 7.5. The
columns were then washed with Buffer B and the bound PKC
activity was eluted with Buffer B containing 100 mt NaCI.
Each fraction was assayed for PKC activity.
Protein kinase C activity was determined by measuring the
transfer of 32P from [y-32P]ATP to histone as described [15].
The standard reaction mixture of 250 pi contained 20 mM
Tris-HCI, pH 7.5, 0.75 m calcium chloride, 10 m magnesium
acetate, 100 /.M [y-32P]ATP (12,000 cpm/nmol), 25 cg histone
HI S, 50 ig!ml leupeptin, with or without 24 cg of phosphatidyl
serine and 1.6 p,g of I ,2-diolein. Appropriate amounts of sam-
ples were added. After five minutes of incubation at 30°C the
reactions were terminated with I ml of ice cold 25% trichloro-
acetic acid (TCA) and the samples were filtered over 0.45 m
millipore filters. Filters were washed with 10% TCA, dried, and
counted for radioactivity in a Packard liquid scintillation
counter. Protein kinase C activity was determined by subtract-
ing the 32P incorporation in histone in the absence of phospho-
lipid from the incorporation in the presence of phospholipid and
was normalized to protein content in the whole cell homoge-
nates.
Quantitation of dome fbrmation
The induction of dome formation was monitored in the first
group of studies described above. At the beginning and end of
each experimental protocol domes were counted using an
Olympus phase contrast microscope by randomly selecting four
to five fields of about 0.14 cm2 on each dish. Each data point
represents the average of at least three determinations carried
out in triplicate.
Measurement ofa-methyl glucoside uptake
LLC-PK1 cells maintained in a low glucose medium exhibit
an increased number of glucose transporters [16]. Therefore,
both hypoxic and normoxic LLC-PK1 cultures were subcul-
tured in a low glucose (5 mM) minimal essential medium (MEM)
and the assessment of a-methyl glucoside uptake was carried
out as described previously [4]. Briefly, confluent cultures were
washed with Hank's balanced salt solution (HBBS) and pre-
treated in the same medium with dimethyl sulfoxide (DMSO) or
phorbol ester TPA at the indicated concentration and time. The
measurement of sodium-dependent glucose transport activity
was carried out by using ['4C]a-methyl glucoside (0.2 xCi/ml)
as described by Amsler and Cook [171. After 60 minutes of
incubation, the media was removed and the cultures were
washed with cold PBS. Cells were solubilized with 2 ml of 0.5
N NaOH, and 1 ml of each sample was added to scintillation
vials containing 9 ml of ACS scintillation fluid. Radioactivity in
the form of intracellular a-methylglucoside accumulation was
counted in a Packard liquid scintillation counter. Sodium-
independent a-methylglucoside uptake was assessed in a simi-
lar fashion using HBSS in which the sodium was replaced with
choline chloride. 'l'his value was calculated as approximately
0.5 nmol/mgI6O mm. Since sodium-independent uptake was less
than 5% of the total uptake, only total uptake is reported in
these studies. Samples were analyzed for protein concentration
by the method of Lowry et al [18J.
Quantita lion of ammonia production
Normoxic cultures of LLC-PK, cells exhibit pH-responsive
alterations in ammonia production [19, 20]. To examine the
effect of TPA on a low pH induced increase in ammonia
production, normoxic LLC-PK1 cells were subcultured in 60
mm dishes with highly buffered MEM (pH 7.4) containing 2 mM
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glutamine and 10% fetal bovine serum as described previously
[19]. Subconfluent cultures were subjected to either one hour
treatment with TPA (l0 M) or vehicle in the same media at
37°C. Subsequently the media was removed and the cultures
were washed with PBS followed by one hour incubation in
Krebs Hensleit buffer (KHB) of pH 7.4 or pH 6.8 at 37°C.
Control cultures of normoxic, hypoxic, and acutely-oxygenated
hypoxic cells were incubated in a similar fashion. At the end of
incubation time, the KHB was removed and processed for
ammonia production as described [21].
Measurement of cell ATP
Cellular ATP levels were determined in confluent cultures
from both groups of studies described above. At the end of each
incubation cultures were washed with PBS and extracted with
10% perchloric acid. Neutralized perchioric acid extracts were
analyzed for cell ATP content by the Hexokinase method as
described [22].
Statistical analyses
All statistical analyses were carried out by unpaired or paired
Student's t-test.
Results
Previous studies from our laboratory have demonstrated that
maintenance of LLC-PK1 cells under routine standard still
conditions at 5% C02/18% 02 results in impaired oxidative
metabolism and an apparant reversion to a less differentiated
phenotype [4]. Both direct provision of higher oxygen and
rocking of the cultures at ambient oxygen environment of 18%
02 enhanced oxidative metabolism and differentiated functions,
suggesting that hypoxia impairs both metabolism and differen-
tiation of LLC-PK1 cells. Furthermore, since a higher ambient
oxygen concentration and rocking both resulted in comparable
changes, the effects of rocking can be attributed to improved
oxygenation. Therefore, in the present study we considered
rocked cells as adequately oxygenated (normoxic) and still
cultured cells as hypoxic.
Protein kinase C localization and the effects of TPA on
normoxic cells
Protein kinase C activity. Subconfluent cultures of hypoxic
and normoxic LLC-PK1 cells were analyzed to determine both
the total and subcellular distribution of PKC activity. Cytosolic
PKC activity was assessed in the 100,000 X g supernatants
whereas membrane bound enzyme activity was determined in
fractions eluted from DEAE column chromatography. Specific
activity of the enzyme was calculated by normalizing to the
protein content in the whole cell homogenates. As shown in
Figure 1, normoxic cultures of LLC-PK1 cells exhibited pre-
dominantly cytosolic localization of PKC activity in contrast to
hypoxic still cultured cells where the enzyme activity was found
to be mostly associated with the membrane pool (particulate
activity). Furthermore, the total PKC activity was significantly
lower in hypoxic cells (230 15 pmol/mg/min, P < 0.01) in
comparison with normoxic cultures of comparable cell density
(290 17 pmol/mg/min).
The effect of TPA on PKC activity was assessed in subcon-
fluent cultures of normoxic rocked LLC-PK1 cells. One hour of
Fig. 1. Protein kinase C activity in cytosolic (U) and membrane (PA)
fractions from subconfluent cultures of normoxic, hypoxic, and TPA
treated (IO— M; / hr.) normoxic LLC-PK, cells. Cultures were proc..
essed as described in Methods and cytosolic protein kinase C activity
was assessed in crude 100,000 x g supernatants, whereas membrane
bound activity was determined in fractions eluted from DEAE cellulose
column with 100 mi NaCI. Specific activities were normalized to the
protein contents in whole cell homogenates. *D < 0.001 compared with
cytosol or membrane protein kinase C activity in normoxic cultures.
Values are mean SE of 4 separate determinations.
incubation with i0 M TPA resulted in almost complete
translocation of protein kinase C activity from cytosol to the
membrane fraction, a pattern of subcellular distribution that
resembles the hypoxic still cultured cells (Fig. 1).
Dome formation. As reported previously, subconfluent cul-
tures of normoxic rocked LLC-PK1 cells exhibit increased
dome formation in comparison with hypoxic still cultured cells
[4]. When confluent normoxic cells were exposed to a phorbol
ester TPA (10—v M), a dedifferentiating agent, the size and the
number of domes decreased significantly. Following one hour
of exposure to TPA, the amount of dome formation was
reduced to the quantity usually encountered in hypoxic cells of
comparable cell density (domes per 0.14 cm2 area; control = 27
3 and TPA = 12 2).
Sodium-dependent glucose transport activity. Sodium-de-
pendent glucose transport activity, a differentiated function of
proximal tubular cells in vivo, was assessed in normoxic and
hypoxic cultures and in TPA-treated normoxic cells using ['4C]
a-methyl glucoside. We previously reported significantly lower
sodium-dependent glucose transport activity in hypoxic still
cells as contrasted to normoxic rocked cultures of comparable
cell density including the sixth day in culture [41. Detailed
studies of the TPA effect were performed on cultures at day 7,
because the magnitude of effect was larger; however, prelimi-
nary data indicated that TPA also inhibits a-methyl glucose
uptake at day 6 in culture. As shown in Table I, TPA treatment
of normoxic cells resulted in a significant inhibition of the
a-methyl glucoside uptake at as low as 10_s M concentration.
iO M TPA produced the maximal inhibition of the a-methyl
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Table 1. Dose responsive effect of TPA on a-methyl glucoside
uptake in normoxic rocked LLC-PK, cells
Addition
a-me Glu uptake
nmol/mg/60 mm
Control 32 2.0
TPA 10_s M 27 1,5
TPA iO M 22 1.2"
TPA 10—6 M 21 l.31
Confluent cultures of normoxic rocked LLC-PK cells were incu-
bated with varying doses of TPA or vehicle for 1 hour followed by the
assessment of a-methyl glucoside (a-meGlu) uptake as described in
Methods. Values are mean SE of 4 separate determinations.
a P < 0.05 compared with control
b P < 0.005 compared with control
Fig. 2. Time course of the TPA inhibition of a-methyl glucoside uptake
in normoxic rocked LLC-PK1 cells. Confluent cultures were preincu-
bated with lO sf TPA for varying lengths of time followed by a 60
minute uptake of a-methyl glucoside as described in Methods. Values
are mean SE of 4 separate determinations.
glucose uptake and was therefore used throughout these studies
(Table 1).
Incubation of confluent cultures of normoxic LLC-PK, cells
with 1O M TPA resulted in dramatic inhibition of a-methyl
glucoside uptake, with significant inhibition observed within
one hour of TPA treatment (Fig. 2). Furthermore, TPA (lO
M)-induced inhibition of a-methyl glucose uptake observed
within one hour of treatment was prevented by preincubation of
the cultures with 100 M H7, an inhibitor of PKC (in nmol/mg/60
mm; control = 31 1.3, TPA = 24 1.0, P <0.025 vs. control,
and TPA + H7 = 30 1.5, NS vs. control; N = 4).
To test for an involvement of de novo protein synthesis in the
observed acute inhibition of sodium-dependent glucose trans-
port activity by TPA, cultures of normoxic cells were preincu-
bated with 100 M cycloheximide for one hour followed by one
hour of treatment in the absence and presence of TPA (l0— M).
100 M cycloheximide is reported to inhibit more than 70% of
the protein synthesis in LLC-PK, cells [23]. As shown in Table
Table 2. Effect of cycloheximide (CHX) on TPA induced inhibition
of a-methyl glucoside uptake in normoxic LLC-PK, cells
Addition
a-me Glu uptake
nmol/mg/60 mm
Control 30 2.5
TPA l07 M 19 2.o
TPA + CHX 100 M 20 l.Oa
CHX 27 2.0
Confluent cultures of normoxic rocked LLC-PK, cells were incu-
bated with TPA or vehicle in the absence or presence of cultures
preincubated with CHX followed by the measurement of a-methyl
glucoside (a-meGlu) uptake as described in Methods. Values are mean
SE of 4 separate determinations.
a P < 0.005 compared with control
Fig. 3. Response of ammonia production to acute acidosis (pH 6.8) in
control and TPA treated normoxic LLC-PK, cells and in control
hypoxic cells. Normoxic cultures were preincubated with l0- M TPA
or vehicle for I hr followed by one hour incubation with Krebs-Hensleit
buffer of either pH 6.8 (•) or pH 7.4 (VA) as described in Methods.
Values are mean SE of 3 separate determinations. **J <0.005, *P <
0.01 compared with their respective pH 7.4 value.
2, the inhibitory response of TPA on a-methyl glucose uptake
was unaltered by cycloheximide. Cycloheximide alone had no
significant effect on a-methyl glucose uptake (Table 2).
pH-responsive ammonia genesis. pH modulated ammonia-
genesis is a function of proximal tubular cells in vivo. We
reported previously that, in contrast to hypoxic still cultured
cells, normoxic LLC-PK1 cells exhibit pH responsive alter-
ations in ammonia production [19, 20, 24]. Similar to the
findings in vivo, a low pH stimulated ammonia production
compared with the basal rate of ammonia formation at pH 7.4.
When normoxic cultures were exposed to TPA (l0— M) for one
hour, ammonia production was inhibited significantly in com-
parison with control cultures at pH 6.8 and pH 7.4, respectively
(Fig. 3). Furthermore, the magnitude of acute low pH-induced
increase in ammonia production was significantly reduced by
one hour treatment with TPA (Fig. 3; control = 153 15
nmol/mg!hr and TPA = 86 12 nmoLlmg/hr, P < 0.005).
Therefore, exposure to TPA produced effects on pH responsive
C0
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Table 3. Effect of TPA on cellular ATP levels by normoxic rocked
LLC-PKI cells
Addition Cell ATP nmol/mg
Control 26 2.0
TPA (I hr) 23 1.9
TPA (3 hr) 27 4.0
Confluent cultures of normoxic rocked LLC-PK1 cells were exposed
to TPA (10—v 54) or vehicle for the indicated time followed by the
measurement of cell ATP content as described in Methods. Values are
mean SE of 3 separate determinations.
ammonia production by normoxic LLC-PK cells, which are
qualitatively similar to the loss of pH response exhibited by
hypoxic still cultured cells (Fig. 3).
Effect of TPA on cellular ATP levels. We previously reported
significantly lower cellular levels of ATP in hypoxic LLC-PK1
cells in comparison with their normoxic rocked counterpart [4].
To examine whether TPA induced changes in LLC-PK differ-
entiated functions and PKC activity might result from alter-
ations in the energy profile, normoxic cultures were exposed to
TPA (1O— M) for one and three hours, followed by the analysis
of cell ATP levels. As shown in Table 3, TPA did not exert any
significant effect on cellular ATP content in normoxic LLC-PK1
cells.
Effect of acute oxygenation on impaired metabolism and
differentiated properties of hypoxic cells
Hypoxic cultures of LLC-PK1 cells were acutely exposed to
higher oxygenation by continuous rocking of the media fluid.
The following parameters of oxidative metabolism and differ-
entiated properties were assessed in hypoxic, hypoxic-acutely
oxygenated, and its normoxic rocked counterpart to examine
whether or not hypoxia-induced impairment of cell differentia-
tion is a direct result of reduced energy metabolism exhibited by
these cells.
ATP Content. As shown in Figure 4, one hour oxygenation of
hypoxic cultures resulted in a significant increase in cell ATP
content (29 4 nmollmg) to the levels of ATP observed in
normoxic cells (26 2 nmol/mg; Table 3). Oxygenation of
hypoxic cultures for three hours further increased the cell ATP
content in these cells.
Since one hour of oxygenation by rocking increases cell ATP
content comparable to the levels observed in normoxic rocked
cultured cells, parameters of cell differentiation were examined
in hypoxic cultures exposed to one hour of oxygenation.
Sodium-dependent glucose transport activity. Hypoxic still
cultured cells, which exhibit significantly decreased levels of
a-methyl glucoside uptake compared to their normoxic coun-
terpart, did not exhibit any significant changes in transport
activity when exposed to one hour of oxygenation (Fig. 5A).
Protein kinase C activity. Hypoxic still cells, which demon-
strated lower cytosolic activity of PKC than normoxic rocked
cells, exhibited no significant alterations in the activity of this
enzyme when exposed to one hour of oxygenation (Fig. SB).
Furthermore, membrane-bound enzyme activity also remained
unaltered (data not shown).
pH-responsive ammonia genesis. One hour of oxygenation
did not exert any significant effect on the ability of hypoxic still
cells to produce ammonia in response to acute alterations in
- Time of oxygenation -
Fig. 4. Effect of acute re-oxygenation on cell A TP content in hypoxic
still cultured cells. Cultures were subjected to either I or 3 hours of
oxygenation by rocking of the fresh media fluid. Cellular levels of ATP
were determined as described in Methods. Each value is mean SE of
3 separate determinations. *R < 0.005 compared with basal ATP
content and ** < 0.001 compared with basal ATP content.
media pH (Fig. SC). The difference in ammonia production
between pH 6.8 and pH 7.4 was 35 and 44 nmol/mg/hr in
hypoxic and hypoxic-oxygenated cultures, respectively. These
changes were significantly lower than the difference in ammonia
production observed in the normoxic rocked counterpart (98
nmol/mg/hr).
Discussion
Cell differentiation and dedifferentiation represent a complex
and incompletely defined sequence of events leading to coordi-
nated changes in multiple biochemical, molecular, and morpho-
logical parameters representing the new phenotype. A variety
of factors have been found to influence the regulation of cellular
differentiation in culture [2, 25, 26]. These include the cell
substratum, hormones and potentially other factors present in
the incubating media, nutrient accessibility to the basal cell
surface, cell to cell interactions as well as cell structural
features. Furthermore, a number of chemical compounds,
including some which affect PKC activity, have been identified
as potent inducers of cell differentiation in a variety of cell types
[27, 281. In addition, the phorbol ester tumor promoter, TPA,
which activates PKC prevents both spontaneous and chemi-
cally induced differentiation in several cell systems [9, 11—13].
We recently reported that LLC-PK1 cells cultured under
routine still conditions in a 5% CO,/18% 02 environment appear
to be hypoxic and dedifferentiated in comparison to cultures
grown under normoxic conditions, produced either by contin-
uous rocking or by an increase in ambient 02 concentration.
These data suggested that oxygen also may be an important
determinant of cell differentiation [4]. Hypoxic still and nor-
moxic rocked LLC-PK1 cultures had similar growth patterns
and cell protein contents. However, still cultures exhibited
decreased oxidative metabolism as reflected by lower cell ATP
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Fig. 5. a-Methyl glucoside uptake (A), cytosolic protein kinase C
activity (B), and pH-response to ammonia production (C) in normoxic,
hypoxic, and hypoxic still cultured cells exposed to one hour of
oxygenation as described. Each value is mean s of 4 separate
determinations. *D < 0.005 compared to normoxic cells.
levels, increased lactate formation, and increased lactate dehy-
drogenase activity [4]. Consistent with our observations, Dick-
man and Mandel also recently reported impaired oxidative
metabolism in primary cultures of rabbit proximal tubular cells
maintained under static culture conditions in a 5% C02/18% 02
environment [29]. Because of the diffusion barrier to oxygen
produced by the overlying media, routine static or still condi-
tions may result in an oxygen tension as low as I to 3% at the
surface of the cultured cells [30, 31]. Rocking, by providing
continuous mixing of the overlying media, eliminates the prob-
lem of oxygen diffusion through a stagnant fluid phase and
thereby provides oxygen to these cells in a concentration
comparable to the ambient gas phase of 18% oxygen. Our initial
report with LLC-PK1 cells, and the recent report by Dickman
and Mandel in primary cultures of rabbit proximal tubular cells
demonstrated that rocking dramatically improves the oxidative
nature of these cells [4, 29].
In addition to impaired oxidative metabolism, we found that
hypoxia altered several properties of LLC-PK1 cells which are
considered to be manifestations of proximal tubular epithelial
differentiation [4]. Hypoxic cells exhibited decreased dome
formation (an indicator of transcellular salt and water trans-
port), lower sodium-dependent glucose transport, and loss of
pH-responsive ammoniagenesis. However, even though these
processes are considered markers of a differentiated proximal
tubule phenotype, they potentially could have been modified as
a result of the altered energy state of hypoxic cells. Thus, based
on our initial studies, a primary role for hypoxia in the regula-
tion of cell differentiation could not be concluded with cer-
tainty.
In an attempt to resolve this issue, we took advantage of the
relationship between protein kinase C activation and cell differ-
entiation. Studies in multiple cell types have suggested that
intracellular levels of PKC as well as its subcellular distribution
can serve as a marker for the state of cell differentiation [5—8].
Cultured human fibroblasts and aortic endothelial cells exhibit
predominantly membrane and cytosolic localization of PKC
during proliferative and differentiated stages, respectively [5,
32]. Dawson and Cook reported that still cultured LLC-PK1
cells exhibit protein kinase C activity predominantly in the
membrane pool during the log growth phase (day I in culture)
which shifts to the cytosolic pool at 10 days post-confluency
[23]. In addition, agents that induce the differentiation of HL-60
leukemic cells produce an increase in total protein kinase C
activity [8]. Furthermore, a phorbol ester tumor promoter,
TPA, which promotes dedifferentiation in many cell types,
shifts PKC activity from the cytosol to membrane pool [13].
As shown in Figure 1, hypoxic still cultured cells exhibited a
decrease in total PKC and also a predominantly membrane
rather than cytosolic localization of the enzyme in striking
contrast to the pattern found in normoxic rocked cells, which
express a more differentiated phenotype. If the activation and
localization of PKC is not attributable directly to the impaired
energy profile of the cell, these data would support the view that
hypoxia can impair the process of differentiation in some
primary fashion.
To validate this assumption, we performed two additional
experimental maneuvers to confirm that the affects on PKC are
not secondary to alterations in cellular energy metabolism. In
one group of experiments, we examined the effects of TPA on
normoxic cells and in the other the effects of acute re-oxygen-
ation of sufficient duration to normalize ATP levels in chroni-
cally hypoxic cells. In addition these experiments further con-
firmed that PKC activation is tightly coupled to the state of
cellular differentiation in LLC-PK1 cells. As shown in Figure 1,
acute exposure of normoxic rocked cells to the dedifferentiating
agent TPA converts them to a PKC profile identical to that of
80
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hypoxic still cultured cells. Since exposure to TPA for a similar
time period did not have any significant effect on cellular ATP
levels (Table 3), TPA induced alterations in PKC activity and its
effects on differentiation appear to be unrelated to cellular
energy metabolism. In addition, as shown in Figure 5B, acute
re-oxygenation of hypoxic dedifferentiated cells increased the
cell ATP content to the levels comparable to chronically
normoxic cells but had no effect on the cytosolic localization of
PKC activity. These data suggest that PKC regulation is not
dependent on the cellular energy profile and that alterations in
PKC activity are a marker of impaired differentiation in hypoxic
LLC-PK1 cells. Thus it seems reasonable, based on the PKC
profile found in hypoxic cells, to conclude that hypoxia directly
impairs cellular differentiation in LLC-PK1 cells. However, our
studies do not resolve whether hypoxia permanently impedes
the process of cellular differentiation or only delays its induc-
tion.
Sodium-dependent glucose transport activity and dome for-
mation have been accepted as presumptive evidence of cellular
differentiation in renal proximal tubular epithelial cells in cul-
ture [17, 33]. The relationship of sodium-dependent glucose
transport to a coordinate program of cell differentiation was
reported by Amsier and Cook who observed that the differen-
tiating agent hexamethylene bisacetamide (HMBA) increased
the development of sodium-dependent glucose transport activ-
ity in still cultured LLC-PK1 cells and that this effect was
blocked by TPA [17]. Our laboratory previously reported
decreased dome formation and sodium-dependent glucose
transport activity in hypoxic still cultured LLC-PK1 cells when
compared with their normoxic rocked counterpart [4]. In the
present study, TPA, independent of its effect on cell ATP
content, decreased both dome formation and sodium-dependent
glucose transport in the normoxic rocked cells to the levels
observed in hypoxic still cultured cells. The similar changes
induced by hypoxia and TPA in these two properties of epithe-
hal cells support the notion that hypoxia can act in some
primary fashion, independent of its effects on energy metabo-
lism, to produce dedifferentiation. Furthermore, depressed
sodium-dependent glucose transport activity was unaffected by
re-oxygenation of hypoxic still cultured cells despite normaliza-
tion of cell ATP content, indicating that the impairment in the
glucose transport activity produced by hypoxia is not mediated
directly by the alterations in energy profile but rather is a
marker of cellular differentiation (Fig. SA).
Increase in ammonia metabolism in response to acidosis is
also a differentiated function of proximal tubular cells in vivo.
We recently reported that LLC-PK1 grown under hypoxic still
culture conditions do not exhibit pH responsive ammonia
metabolism. Normoxic rocked cultures, on the other hand,
exhibit acute pH regulation of ammoniagenesis, indicating that
hypoxia may in some fashion impede the pH-modulation of
renal ammoniagenesis [19, 20]. Treatment of LLC-PK1 cells
with TPA impaired the magnitude of low pH increase in
ammonia production in a fashion analogous to hypoxic still
cultured cells (Fig. 3). Thus both hypoxia and TPA impair pH
regulation of ammoniagenesis, suggesting that PKC may play a
role in the process. Furthermore, acute re-oxygenation of still
cultured cells did not induce a pH response to ammonia
production (Fig. 5C), indicating that this alteration is a result of
dedifferentiation rather than a direct result of impaired oxida-
tive metabolism.
The similar PKC profile exhibited by hypoxic cells and by
TPA induced activation of the enzyme in normoxic cells along
with the similar behavior of dome formation, sodium-dependent
glucose transport, and pH-modulated ammoniagenesis raises
the possibility that PKC may mediate the alterations in these
properties exhibited by hypoxic cells. Studies with H7, an
inhibitor of PKC, indicate that the effects of TPA on sodium-
dependent glucose transport (as shown in this study) and
pH-responsive ammoniagenesis [34] are mediated by the acti-
vation of PKC. Indeed the effects of PKC activation to increase
paracellular permeability, inhibit Na/K-ATPase activity, in-
hibit transcellular fluid transport, and to stimulate Na/H4
antiporter activity provide a variety of mechanisms which could
account for its potential role in mediating these processes
[35—38]. Direct examination of these issues should be of con-
siderable interest.
In summary, the present study with LLC-PK1 cells demon-
strate that mild hypoxia results in alterations in the activity of
PKC, sodium-dependent glucose transport activity, and pH-
responsive ammoniagenesis in a fashion analogous to undiffer-
entiated phenotype. Since TPA, without producing any signif-
icant alterations in cell ATP levels, induced impairment in these
features of differentiation in a fashion analogous to hypoxia and
acute re-oxygenation normalized ATP levels in chronically
hypoxic cells without any effect on these differentiated mark-
ers, it seems clear that hypoxia acts in some primary fashion to
impair cellular differentiation in LLC-PK1 cells. Furthermore,
since cellular redistribution of PKC parallel the expression of a
dedifferentiated phenotype, it is tempting to suggest that it may
play a central role in mediating the process. Finally, given the
ubiquity of potential hypoxic conditions in vivo, these studies
raise the possibility that effects of hypoxia on cellular differen-
tiation may play an important pathogenetic role in a variety of
clinical disorders characterized by abnormal cellular differenti-
ation.
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